Abstract. The demand for actuators featuring biomimetic properties, such as linearity, high power density and compliance, is growing in microrobotics and bioengineering. In the present paper a novel linear actuator is presented. It exploits the electromechanochemical phenomena of π-electron conjugated conducting polymers, occuring when ionic species are exchanged with the surrounding medium, i.e. solid or liquid electrolyte. In our experiments, a polypyrrole film doped with benzensulphonate anions is considered as the conducting polymer and a liquid electrolyte bath as the ionic reservoir. The actuating properties of the material are investigated and quantified in terms of both isotonic displacement and isometric developed force. A lumped parameter, muscle-like model of the system is proposed and verified with respect to the experimental data. The results of the electromechanical characterization and the goodness of fit of the model provide favourable indications for the utilization of the material as an effective muscle-like linear actuator, once the response time is decreased by means of a suitable scaling down of the film thickness.
Introduction
Pseudomuscular actuators are intended to reproduce the salient functional features of biological muscles, whereas the great majority of the actuation devices developed by man to convert chemical or electrical energy into mechanical work are thermochemical or electromagnetic machines. The physical principles exploited in such manmade machines are completely different from the ones by which biological machines generate forces and accomplish work. Despite the advanced state of conventional motor technology, the development of mechanical actuators exhibiting biomorphic characteristics would provide major advances and have important implications in several areas of technology. For instance, there is growing demand in fields such as microrobotics and bioengineering for musclelike actuators with high power-to-weight ratios and a large degree of compliance. From a mechanical engineering point of view, muscles are very unconventional actuators; they are neither pure force generators (like electric DC motors), nor pure motion generators (like stepper motors); they behave rather like springs with tuneable elastic parameters. However, the built-in compliance of muscles is an important feature to achieve versatility and robustness in control and for addressing the complexity of sensory motor problems, Moreover, muscle-like actuators which are driven directly by exploiting the energy conversion properties of tranducing materials such as shape memory alloys, piezoelectric polymers, polyelectrolyte gels, and conducting polymers appear to be much more suitable for micro-scale device implementation.
Pseudomuscular actuators should target performances that equal or even exceed those of muscles, for instance in terms of actuating performances (displacement, force, response time, compliance, power density, efficiency). Some such criteria have already been met, but most of them are too ambitious to be approached by currently available materials and structures. In spite of several major advances in actuator performances in the last few years, a number of technical breakthroughs are needed before efficient and reliable devices can be implemented. At present there are different classes of polymeric material that exhibit electromechanical transduction: electrostrictive polymers, piezolectric polymers, polyelectrolyte gels, and conducting polymers. However, none of them fully answer the desired specifications.
The use of piezoelectric polymer actuators is limited mostly because of the high driving voltages required to produce small strains (typically 300 V for a 10 µm thick film of polyvinylidenefluoride in order to obtain a 0.1% strain) and their lack of steady state response. Nevertheless, they can be fast and highly reliable, and production technologies for piezolectric polymers are quite advanced.
The precision and reliability of piezoelectric polymers make them ideal for lowmechanical-impedance, small-displacement, multidegree of freedom micromanipulators for cell handling [1] . In order to produce useful displacements, polyvinylidenefluoride (PVDF), for example, can be formed into a bimorph: two small PVDF strips with opposing polarization axes were bonded together to produce a 13 µm displacement with 300 V applied [2] .
Polyelectrolyte gels have received some attention since the early 1950s, and, more recently, have been incorporated into prototype or demonstration robotic devices [3] . Under direct chemomechanical conversion, polymer gels are characterized by large active contractions (50% strain) and force densities comparable to those of muscles [4] . However, in spite of decades of research, the mechanical strength and response time of these materials still leave much to be desired. The chemomechanical conversion process is diffusion regulated, so the response time may be increased by drawing the gels into very thin fibres and assembling them into parallel bundles. This process poses severe technical problems, not least breakage of the fibres. Present efforts in this field are devoted to providing polymer gels with some sort of electrical drive in order to render them useful for various applications [3, 5] . The inefficiency of electrochemical coupling mechanisms is another limit of polyelectrolyte gel actuators.
Conducting polymers (CPs) can be empolyed as actuators, thanks to dimensional changes resulting from electrochemical doing and de-doping. Several CPs, such as polyanilines, polypyrroles, and polythiophenes are being investigated for their actuating properties [6] [7] [8] [9] . The doping process requires the application of a voltage difference (resulting in a current flow) between the CP itself and a counterelectrode, separated by a solid or liquid electrolyte. Usually, doping causes the elongation of the CP electrode, while de-doping causes contraction. A CP actuator which must work as a linear muscle-like actuator could be better made of two CP electrodes separated by a solid electrolyte which stores the dopant anion of the first CP and the dopant cation of the second one [10] . During the stimulation the system varies between a state in which both the CP electrodes are doped (and hence elongated) and a state in which they are undoped or less doped (and hence contracted). During electrochemical doping or de-doping, CPs undergo length changes typically associated with notable variations in elastic modulii, electrical conductivity and electromagnetic absorption spectra. The projected relatively large dimensional changes upon doping of CPs (from 0.5 to 10%), as compared with piezoelectric polymers, and the high stresses developed (from 1 to 500 × 10 6 Pa) can provide a corresponding increase in work capacity per cycle [11, 12] . Moreover, the required stimulation voltages are tow orders of magnitude lower with respect to common electrostatic or piezoelectric microactuators. On the other hand, CP actuators typically show slower response. CPs are 'young' materials and many improvements in their properties can be foreseen. There are several degrees of freedom in the design of better CP actuators: the choice of the monomer and of different dopants, the polymerization technique, the possibility of scaling down their dimension and the high processability in different shapes.
The goal of this paper is to characterize and model the mechanical behaviour of a simple CP actuator working as electrode in an electrolytic cell. The properties of the material are investigated by means of experiments both in passive and in stimulated conditions.
A simple lumped multi-parameter modelling of the system behaviour, similar to the one commonly used for skeletal muscle, is proposed.
The model parameter identification has been carried out with a nonlinear data fitting algorithm applied both to data from passive experiments and to data from electromechanical measurements in stimulated conditions. Its validity has been demonstrated for our specific system working in the specific conditions given below.
The results of electromechanical characterization and the identified model are useful for evaluating potentialities in actual applications and instrumental for the implementation of driving and control strategies of a future CP actuator.
Materials and methods
In the present study we use polypyrrole (PPy) doped with benzensulphonate anions (BS − ) provided by BASF (Germany) in the form of thin sheets (32 µm thickness) and under the trade name of Lutamer. The experimental set-up is schematically depicted in figure 1 . A CP thin strip, 90 mm long and 1 mm wide, is immersed in an electrolyte bath of sodiumbenzensulphonate (Sigma, USA), 10 −2 M in a mixture of acetonitrile (J T Baker, Holland; 95% on volume) and de-ionized distilled water (5% in volume). The lower extremity of the strip is mechanically fixed by a clamp inside which a gold electrode provides electric stimulation during electromechanical experiments. The upper extremity of the polymer strip is fixed to a computer driven servo-controlled actuator (model 300H, Cambridge Technology, USA) which is used to measure both force in isometric conditions and displacements in isotonic conditions. A potentiostat-galvanostat (model 273, EG&G, USA) provides voltage or current waveforms between the PPy working electrode and a Pt counterelectrode, while an SCE electrode works as reference electrode. Both the servo-controller and the potentiostat are driven via a PC with dedicated software. The strip is not fully immersed into the electrolytic solution: the 90 mm sample length can be subdivided, from top to bottom, into a 5 mm clamped portion, a 20 mm dry portion, a 50 mm wet portion, and a 15 mm portion inserted into the lower clamp. In the procedure adopted for calculating some of the material parameters, e.g. the elastic modulus, the mechanical series of the different sample portions must be considered in order to extract the correct value for the wet portion. This problem will be discussed wherever necessary.
The material characteristics depend on the humidity and temperature of external environment. The experimental data show a good repeatability in the space of a day but they could detectably change in the space of a season. Moreover, material samples cut from different sheets do not present homogeneous electromechanical properties. In order to make the present study consistent, all the data have been collected with an external temperature and humidity of 
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• C and 60% respectively, on the same polymer sample. It is worth noting that these conditions are simply the environmental conditions of the laboratory, as far as our temperature and humidity sensors register. The values of temperature and humidity can be considered constant during data collection, although the experiments have not been carried out under controlled atmosphere conditions.
For each experiment a set of M independent measurements has been carried out, with M usually of the order of ten; statistics has been performed in terms of sampling mean and sampling variance. The results of measurements will be usually reported by giving the value of confidence interval of the mean, with a confidence degree α = 99%; this interval has been computed assuming a t-student distribution for the data [13] .
Electromechanochemical characterization
The electromechanical characterization of the material refers to its wet and stabilized state. Preliminary investigations had shown that the material changes its properties considerably, not only when it is immersed in the electrolyte solution, but also during the first electrochemical stimulation cycles. Hence, two stabilization phases must be considered:
(i) the material undergoes a free-swelling phase, during which both its length and its elastic modulus vary with respect to the dry state; measurements of the mechanical properties during and after this phase are described in subsection 2.1;
(ii) the material is stimulated by a series of 20 slow voltammetric cycles until a new steady state is reached in which the bulk dopant Bs − stops moving and the only mobile ion is the cation Na + ; details about this phase can be found in the literature [6] ; after stabilization, stimulation is arrested and new measurements are carried out on the material passive mechanical properties, which are described in subsection 2.2.
After such a pre-conditioning of the material the electromechanical characterization of the material is carried out. PPy is stimulated by means of a current square-wave driving signal; meanwhile measurements of sample length changes and developed force are carried out in order to evaluate the actuation performance of the material.
The free-swelling phase: measurement of passive mechanical properties before CV stimulation
After the immersion of the PPy sample into the solution, a free-swelling phase occurs. The sample saturates its porous structure with the solution, varying its linear dimension by 2%. Once the quasi-equilibrium state is reached, the mechanical behaviour of the CP-electrolyte system is studied in passive conditions. Stress-strain experiments have been performed to evaluate the relaxed Young elastic modulus [14] . The procedure for measuring the Young elastic modulus is the following: a series of sudden steps of length is applied to the pre-stretched sample; after each step and after a time delay of about 20 s, the corresponding relaxed force is measured; a stress-strain plot is thus obtained, whose slope can be easily computed by linear regression. Typical forcedisplacement plots are depicted in figure 2 ; the relative Young modulus is found to be 1450 ± 76 MPa. Note that such a modulus obviously refers to the whole sample, which can be regarded as the mechanical series of the wet and the dry portions, by the formula
where E w and l w are the Young modulus and the length of the wet portion: E and l are the modulus and the length of the whole sample (E is equal to the value directly measured, 1450 ± 76 MPa); finally, E d and l d refer to the dry portion of the sample (E d is the Young modulus of the dry polymer and it had been previously measured to be 2990±94 MPa). In order to obtain the actual Young modulus of the wet portion, the previous relation can be used, once the term E w is explicit:
By means of this equation the Young modulus of the wet portion can be computed as 1200 ± 73 MPa. Force-relaxation experiments in different isotonic conditions have been carried out to examine the dynamic response of the CP strip. After a sudden displacement step being applied to the strip along its length, the force relaxes within about 30 s, showing a viscoelastic behaviour. Forcerelaxation tests were carried out also in fully dry conditions, where the polymer showed a shorter viscoeleastic-like transient, exhausted within 4-5 s. Hence the presence of the fluid drastically changes the rheology of the material.
Dynamic electrochemical conditioning: measurement of passive mechanical properties after CV stimulation
As second step, the sample was electrochemically stimulated by a slow variable voltage signal. This phase is decisive for the stabilization of the material. A series of 20 cycles of slow voltammetry at a scan rate of 1 mV s −1 , with a maximum and a minimum voltage of +1 and −1 V against the SCE, was carried out (see figure 3 ). During these cycles the material undergoes two different doping process: the non-reversible dedoping of the benzensulphonate anion and the cyclic quasireversible doping and de-doping of the sodium cation. The first process implies that the material, which is progressively depleted of the benzensulphonate bulk dopant ion, deteriorates in terms of both mechanical characteristics and electrical conductivity; the process is exhausted within 20 cycles. The second process, which consists of the cyclic intake and release of the sodium cation, causes a cyclic reversible elongation and contraction of the sample. After 20 stabilization cycles of CV stimulation the material reaches a steady new condition, in which the only mobile dopant is Na [6] . In this paper we focus our interest on the material after the new steady state has been reached.
New passive measurements are necessary to test the material.
Again stress-strain experiments have been performed to evaluate the new relaxed Young elastic modulus, which turns out to be 660 ± 40 MPa. Hence, the elastic modulus has drastically changed with respect to the initial value before CV stimulation: its value is about 50% of the initial 1200 MPa value. In contrast, the dynamic behaviour during force-relaxation experiments is quite similar to that described in the previous subsection. The force decay is still exhausted within about 30 s, with a standard viscoelastic behaviour. In figure 4 typical forcerelaxation curves are shown.
Measurements during square-wave current electrochemical stimulation
After the CV stabilization cycles, the material was driven by means of a current square-wave (SW) excitation, since this assures a fixed amount of charge is exchanged every cycle by the sample with the external solution. The exchanged charge, which is directly correlated to the amount of Na + entering or coming out, results in a correspondent elongation and contraction of the sample. Charge control can be exploited by varying amplitude or period of SWs; both methods permits a quasi-linear driving of sample isotonic length changes. In figure 5 the linear dependence of the peak-to-peak length change wave on the exchanged charge is evidenced: an average value of length changecharge ration of about 1 mm C −1 can be computed by linear regression, for values of charge below 0.25-0.3 C. An increment of the exchanged charge beyond 0.25 C enhances the activity of the material, but it drastically decreases the cycle life. Note that in the figure the quantities have also been normalized with respect to the sample 'active volume' and 'active length'; the strain-charge density ratio is equal to 3% mm 3 C −1 . This normalization has been made on the basis of the following considerations. The sample, which has an initial electrical conductivity of about 150 S cm −1 in its fully doped state, shows an irreversible decrement of its conductivity due to the loss of bulk BS − dopants during stimulation CVs. As a consequence, a non-homogeneous electrochemomechanical response of the immersed sample (caused by the electric potential gradients along its length) is unavoidable in our experimental configuration. A series of experiments has been performed to quantify this effect, varying the length of the portion of sample immersed in the solution (and so electrochemically active) from the value of 50 mm (to which all previous experimental data refer) to 40, 30 and 20 mm and measuring sample elongation and contraction during SW current stimulation. From the experiment we determined the sample active part being confined to a 30 mm long portion (starting from the electrode connected to the sample lower extremity). Hence, the effective length which is electrochemically stimulated is to be taken as equal to 30 mm.
In order to evaluate the actuation performance of the polymer, isometric stress measurements have been also carried out. These measurements have been made during a SW stimulation with I = 5 mA, T = 62.5 s, so that a 0.156 C amount of exchanged charge is involved; the corresponding charge density is 0.173 C mm −3 . Such a small amount of charge assures a compatibility of the measured value of the force with the full-range value of the Figure 5 . Isotonic length changes against exchanged charge during different current SW stimulation of the PPy sample. The value of the length change refers to the peak-to-peak amplitude of the length wave, while the value of the charge is given by the integral of a semi-cycle of the current SW. Both the quantities are also shown normalized with respect to the active length and active volume of the sample.
instrument. In figure 6 , isotonic strain and isometric stress waves are plotted against time. The amplitude of the length waveform has a mean value of 0.16 mm, in agreement with the results shown in figure 5 ; the corresponding strain is 0.53%. The peak-to-peak amplitude of the force waveform has a mean value of 10 g; this force corresponds to an equivalent stress of 3.25 MPa, that is, approximately ten times the developed stress of human muscle. The same results have been obtained with different values of current amplitude and periods the value of exchanged charge being constant. The polymer sample holds its activity, if the period of the SW driving signal is longer than 4-5 s. Note that both the force and length waveforms show a drifting offset. This is because, at the beginning of the isometric force measurement, the imposed pre-stretching causes a stress-relaxation transient (resulting in a negativeslope drift); analogously, in the case of isotonic length measurement, the pre-stressing implies a creep transient (resulting in a positive-slope drift).
Modelling
A modelling of the CP-electrolyte system can be achieved according to two substantially different approaches: a continuum, physical model or a discrete, phenomenological model. The former can be built up starting from the Biot poroelastic theory [15] and its application to polyelectrolyte gels [16] ; it has been applied also to our system [17] . The latter is simply a lumped parameter description of the CP wet strip based on standard viscoelastic solid elements plus an appropriate strain generator to take into account the active behaviour of the system during electric stimulation, in analogy with muscle models [14] . This approach allows a drastic reduction of the model complexity; it can be instrumental for the implementation of driving and control strategies of a future CP actuator and it is proposed in this paper.
The model refers to a linear PPy actuator immersed in liquid electrolyte. The following hypotheses have been considered: (i) the CP matrix is elastic and isotropic; (ii) the mechanical deformations are small, as in the classical theory of elasticity; (iii) the CP matrix has a porosity of 10% and it is saturated by the electrolyte fluid;
(iv) the length of the actuator is predominant with respect to the transversal dimensions; all the parameters of the model are normalized and so independent of actuator dimensions;
(v) the temperature is constant.
The Laplace solution and the strain-stress transfer function
The lumped parameter model used is the parallel of N standard viscoelastic solid (SVS) blocks; each block is the parallel of an elastic body and a Maxwell element (that is, the series of an elastic and a viscous body). The parallel of N SVS blocks reduces to the parallel between one single elastic body K r and N Maxwell elements K i , η i , i = 1, 2, . . . , N . In a stress-relaxation test such a model undergoes an exponential decrease from an initial Linear actuator Figure 6 . Developed isometric force (at the top) and isotonic length changes (at the bottom) of the PPy sample during the same SW stimulation (I = 5 mA, T = 62.5 s, Q = 0.156 C). In isotonic conditions, the sample elongates during the reduction semi-cycle and it contracts during the oxidation one. In isometric conditions, the sample develops a negative force with respect to the offset force during reduction and a positive force during the oxidation.
state (in which the solid is elastic with a Young modulus equal to the sum of K r and all other elastic elements K i , i = 1, 2, . . . , N) to a final state (in which the solid is again elastic with a lower, relaxed Young elastic modulus equal to K r ); the dynamics between the initial and final state is exponential-like, with a characteristic time τ i for each block (τ i = η i /K i ). In our system, a good fitting with experimental data has been found with N = 2; this value represents a good compromise between accuracy and simplicity. If a higher value of N is chosen, the additional characteristic times do not detectably improve the goodness of fitting for any of our experimental tests. Therefore our model has been set as the parallel of two Maxwell elements and one elastic body; the electrochemical strain generator is inserted in series with the elastic body K r ( figure 7 ). The system is described by a second-order differential equation; if the Laplace transform is applied, it becomes
where (s), E(s) and E ech (s) are the Laplace transforms of σ , ε and ε ech respectively, while K(s) is given by
The K(s) function can be interpreted as a strain-stress transfer function; it can be also expressed as a zero-pole fractional function:
where
A comparison between previous experimental data on passive mechanical behaviour and theoretical resolution of the lumped parameter model in stress-relaxation simulations allows us to obtain the values of the three elastic and two viscous parameters of the model. During Figure 7 . The lumped parameter model. The general N th-order linear system has been set as a second-order linear system for our experimental configuration.
electrochemical stimulation these parameters are assumed to remain constant and equal to the value calculated from passive measurements. The strain generator is modelled as proportional to the exchanged charge through a phenomenological coefficient α ech . The model will be analytically solved in both isotonic and isometric conditions with a current SW stimulation corresponding to an exchanged charge triangular wave. The solutions will be compared with experimental curves of length and force so that the strain generator will be determined in two different and independent ways.
Determination of model parameters
First, equation (3) is applied to the case of a stressrelaxation test: the electrochemical strain generator is off and the total strain is a step function ε(t) = ε 0 u(t). Therefore equation (3) reduces to
By substituting the expression for K(s) and expanding in partial fractions, we obtain
where the residues c 1 and c 2 are fractional functions of the model parameters (c 1 +c 2 = 1). The inverse transformation of (7) can be easily obtained; in time space we have
Hence, the theoretical expression (8) of the stress σ is a non-linear function of time t and of five independent parameters. Fitting this solution with the experimental data Table 3 . Lumped parameters of the model.
650 95 58 473 40 3 σ * from a stress-relaxation test has been carried out by means of a chi-square estimation of the error:
where N is the number of data samples collected during each experiment (N = 100), a is the vector of five parameters to be determined in order to minimize the error and s 2 is the data variance. As parameter vector we utilize a = (σ ∞ , σ 1 , σ 2 , τ 1 , τ 2 ). The algorithm for the minimization of the error function is the Nelder-Meads simplex method [18] ; it is an iterative, direct search method implemented with Matlab c language; the outputs of the program are the offset constant σ ∞ , the two constants σ 1 and σ 2 and the two time constants τ 1 and τ 2 . From these values, the values of the five transfer-function parameters (A, s p1 , s p2 , s 01 , s 02 ) and the values of the five passive model parameters (K r , K 1 , K 2 , η 1 , η 2 ) can be obtained (see tables 1-3 and figure 8 ). A quantitative measure of the goodness of fit can be obtained by the analysis of the chi-square residual sum ℵ 2 R , resulting from equation (9), once the vector a has been adjusted to minimize the value of ℵ 2 [19, 20] . The statistical analysis of ℵ 2 R has been carried out by assuming that the probability distribution of ℵ 2 R is the chi-square distribution for ν = N − m degrees of freedom, where m is the number of model parameters. The goodness of fit is measured by the probability P than ℵ 2 is larger than ℵ 2 R : the higher is this probability the lower can be considered the value of the chi-square residual sum ℵ 2 R and the better is the fitting. In our case, with ν = (N − 5), we obtain P ≈ 1. Such a very good fit may be due to an overestimation of measurement error s 2 or a non-normal distribution of the experimental error.
As a second step, equation (2) is applied to the active case, in which we consider a strain generator ε ech (t). The equation is solved for the isotonic case (σ = σ 0 u(t)) and for the isometric one (ε(t) = ε 0 u(t)) and for each case an expression for ε(t) and σ (t) is derived. In the Laplace dominion we have
If the strain generator is activated when the transient effect of the pre-stretching is off, the first term on the righthand side of both these equations is approximable with [σ 0 /K r /s] and [(K r ε 0 )/s] respectively; in time space these terms reduce to constant offsets around which the terms due to the electrochemical stimulation oscillate. If we limit our analysis to these last terms, which are directly comparable with the experimental data, we simply have
The strain generator is assumed to have a periodic triangular-like time behaviour:
where α ech is the electrochemical expansion coefficient (percentage displacement for 1 C mm −1 , Q is the maximum value of the charge density exchanged during a stimulation cycle and T is the stimulation period. The assumption about the triangular shape of strain generator is justified by these facts: (i) the imposed electrochemical stimulation is a current SW and hence the exchanged charge, which is its time integral, is a triangular wave; (ii) a direct proportionality between the amplitude of the current SW and the measured maximum length change has been observed.
The anti-transformation of expression (12) is quite laborious; however it is not necessary in our special case. Indeed the frequency (1/T ) of the stimulation is lower than one-tenth of the pole frequencies of the fractional function K r /K(s); this implies that, for t = T /2, the effects of the poles are practically exhausted, the transfer function K r /K(s) can be approximated by K r /K(0) = 1 and the function ε(t) by (α ech Q) (13), as given by the Simulink toolbox of Matlab c .
Note that ε(T /2) represents the maximum value of the total measured strain. The anti-transformation of expression (13) is trivial. The stress has the same time behaviour, even if inverted in sign, as the internal strain generator. The value of the function σ (t) in t = T /2 is σ (T /2) = −K r α ech Q (16) and represents the maximum measured developed stress. A comparison of quantities (15) and (16) with the experimental values of the maximum isotonic strain (0.53%) and the maximum developed isometric stress (3.25 MPa) for the case Q = 0.173 C mm −3 leads to a common value for α ech of about 3% mm 3 C −1 . As further confirmation a numerical solution of equations (13) and (14) has been found by Simulink Toolbox of Matlab c , imposing the values of identified model parameters of table 2; the graphical results are plotted in figures 9 and 10 for strain and stress respectively, together with the corresponding experimental data.
Hence we can conclude that, as far as our system is concerned, the model works and the following assertions can be considered:
(i) the electrochemical strain generator is correctly positioned in the lumped parameter model;
(ii) its value can be approximated by the value of the measured isotonic strain, if the stimulation frequency is at most one-tenth of the zero frequencies of the stress-strain transfer function K(s);
(iii) the isometric stress is approximately equal to K r multiplied by the isotonic strain.
The issue (ii) implies that the actuator works with more effectiveness at low frequencies, when the pseudoviscoelastic properties of the CP-electrolyte fluid system do not quench the actuating displacement. From a physical point of view, the electrochemical stimulation causes the expansion (or contraction) of the porous polymeric solid matrix and, consequently, the suction (or expulsion) of fluid from the external bath inside the solid; the dynamics of this process is rate limited by friction effects between the fluid and the pores of polymer backbone. Besides, the actuator speed may be also limited by the electrodiffusion rate of counter-ions fro the external bath towards the polymeric backbone.
The evident coupling between fluid motion and ionic electrodiffusion does not allow, at this stage, any assertion about which phenomenon is actually the rate-limiting one.
Conclusions
The experimental results have shown the possibility of utilizing PPy as an actuation material. The measurements of developed stress indicate that the actuator has promising performance, once the response time is decreased by means of scaling down the film thickness. It is worth underlining that the polymer needs the presence of an ionic reservoir. At the moment this is constituted by an electrolyte bath which limits the applicability of the actuating system, for instance to microhydraulic systems. It is the opinion of the author that the development of a suitable solid polymer electrolyte and, what is more, its electromechanical (14), as given by the Simulink toolbox of Matlab c .
coupling with the CP are the turning points for a vast improvement of a CP actuating structure. Such structures might be constituted by CP micorfibres (since fibres should offer a quicker electrochemical response than films), embedded in a solid electrolyte elastometric matrix. The utilization of a low stiffness matrix would be suitable for linear actuators, since it must merely work as an ionic reservoir. A stiffer matrix may be useful for bending actuators, in which the matrix would possess also a structural function [21] , As far as material modelling is concerned, the simplicity of the proposed model makes it useful for the implementation of driving and control strategies of a future CP actuator. At the moment it can be used as a tool for investigating and classifying the results of the experimental electromechanical characterization.
